The coordination of divalent metal cations to ZSM-5 has been investigated using gradient-corrected density functional theory (DFT). Coordination at both isolated charge-exchange sites and pairs of charge-exchange sites was considered for Co 2+ 
Introduction
The exchange of group VIII and other metals into the zeolite ZSM-5 produces materials that exhibit catalytic activity for NO decomposition, 1-5 N 2 O decomposition, [6] [7] [8] [9] [10] selective catalytic reduction of NO by ammonia and light hydrocarbons, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and aromatization of hydrocarbons. 23, 24 Extended X-ray absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES), and UV-vis studies of metal-exchanged ZSM-5 indicate that divalent cations, M 2+ , can be associated with either one or two charge-exchange sites in the zeolite. The first of these cases is represented by Z -[M(OH)] + , where Z -designates a charge-exchange site. When two Al charge-exchange sites are in proximity, such as in rings containing four, five, or six T sites, structures of the type Z -M 2+ Z -can be formed. There is also a growing body of evidence suggesting the presence of dimer cations in which two M 2+ cations are bridged by an O atom or two M 3+ cations are bridged by two O atoms. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Such structures can be represented by Z -[M(O)M] 2+ Z -and Z -[M-(O) 2 M] 2+ Z -. The experimental evidence also indicates that M 2+ cations can be reduced to form small metal particles or can react with oxygen and water to form metal oxide particles. Occurrence of either of these processes generally leads to a loss in catalytic activity and selectivity. 36, 37 For these reasons, it is desirable to understand the relative stability of M 2+ cations in ZSM-5 as a function of cation composition and location of the chargeexchange site in the zeolite. A closely related question is whether the formation of dimer cations is thermodynamically favorable, as has been suggested by recent quantum chemical calculations. 38, 39 In the present study, density functional theory (DFT) is used to determine the structure of Co 2+ , Cu 2+ , Fe 2+ , Ni 2+ , Pd 2+ , Pt 2+ , Rh 2+ , Ru 2+ , and Zn 2+ exchanged into ZSM-5. The energy of cation reduction and demetalation is also determined from DFT calculations, whereas the entropy of reaction for each of these processes is determined with additional statistical mechanics calculations. Taken together, these calculations enable one to determine the relative stability of M 2+ cations in different charge-exchange sites and the stability of the cation with respect to reduction and demetalation.
Theoretical Methods
The zeolite is represented by a cluster containing between 4 and 6 T sites (Si or Al) and between 25 and 39 atoms in total. protonated form, and Figure 2 shows their location within the framework of ZSM-5. 40 The identity of the specific T sites involved in each cluster and the identity of the T sites occupied by Al are given in Table 1 . For ease of referencing, each cluster is labeled as indicated in Figures 1 and 2 and Table 1 . Thus, for example, S6 is a six-membered ring located in the straight channels, whereas Z6 is a six-membered ring located in the zigzag, or sinusoidal, channels. Each cluster is terminated by a H atom bonded to either an O or a Si atom located at the edge of the cluster. Either a proton or an [M(OH)] + cation is used to charge-compensate for the introduction of a single Al atom into the cluster. When two Al atoms are present in the cluster, charge compensation is done by two H + or two [M(OH)] + cations or by one M 2+ or [M-O-M] 2+ cation. During the calculation, all of the atoms with the exception of the terminating H, O, and Si atoms are allowed to undergo geometric relaxation. The terminal Si-H and O-H bonds at the edge of the cluster are maintained at 1.00 and 1.50 Å, respectively.
Gradient-corrected density functional theory calculations are carried out using the B3LYP functional to estimate electron exchange and correlation contributions to the energy. Because transition metals are used for many of the clusters, numerous spin multiplicities were calculated. First, either a singlet or doublet was calculated for each cluster. Then, higher multiplicities were checked until the cluster energy increased. This procedure ensured that the lowest energy spin multiplicity was attained for each cluster. The 6-31G basis set is used to describe all atoms except the metals. For the metals, the Hay and Wadt effective core potentials and associated valence basis functions are used. [41] [42] [43] To further enhance the basis set, polarization functions are added to all atoms except for the metals and the H and O which terminate the cluster. The basis set used in the present work is identical to that used in our investigations of the stability of Cu + and Cu 2+ cations in ZSM-5. 44 Bond distances and energies for CuO dimers calculated with this basis set were found to be in good agreement with those measured experimentally as well as those determined from CCSD(T) calculations.
In the acid forms of the clusters (see Figure 1) , each proton can sit on one of four O atoms bound to an Al atom. All possible locations that do not lie on cluster-terminating O atoms were evaluated, and only the cluster with the lowest energy was used for further calculations. In all cases, the O-H bond distance is 0.97 Å. In rings containing two protons, the most favorable configuration is that shown in Figure 1 . The positions of the protons minimize electrostatic repulsion.
Thermodynamic properties (i.e., entropy and Gibbs free energy) are estimated using standard statistical mechanical methods. 45 For gaseous species, the translational, rotational, and electronic partition functions are calculated. For a reaction involving bulk solid, such as the ZSM-5 catalyst, the translational partition functions for reactant and product clusters are taken to be equivalent because the masses of these clusters are essentially the same. The rotational partition functions for both the reactant and product clusters are taken to be unity. Because the reactant and product clusters are constrained, it is difficult to obtain reliable calculations of the vibrational partition functions for these structures. To overcome this limitation, calculations of the most relevant vibrational modes associated with each charge-exchange site were made using a small cluster containing only one T site. The estimated error in the calculated Gibbs free energies resulting from this approach is not more than (5 kcal/mol. For the systems treated, only the groundstate degeneracy contributes to the electronic partition function.
The stability of transition-metal cations to either reduction or demetalation was evaluated by calculating the free energy of reaction for each of these processes in the following manner. For the reduction of [M(OH)] + or M 2+ , the overall reaction is considered as the sum of two components and can be written as and where Z -represents a charge-exchange site. The energy change associated with the first reaction in each set is determined theoretically, whereas the energy change associated with the second reaction is determined from experimental values. 46 One Z4  ring  zigzag  T9 T9 T10 T10  T9 T10  S5  ring  straight  T3 T5 T6 T11 T12  T6 T11  I5  branched  intersection  T3 T8 T11 T12 T12  T12  Z5  ring  zigzag  T3 T4 T7 T8 T12  T8 T12  S6  ring  straight  T7 T7 T11 T11 T12 T12  T11 T11  Z6  ring  zigzag  T7 T7 T10 T10 T11 T11  T11 T11  SZ8  multiple rings  straight/zigzag  T7 T7 T10 T10 T11 T11 T12 T12  T11 T11  I9  branched  intersection  T2 T3 T3 T4 T6 T8 T11 T12 T12 
of the quantities used in carrying out this latter calculation is the heat of condensation to form bulk metal. The use of bulk properties sets an upper bound on the energy change associated with the second reaction, because the magnitude of the heat of condensation for particles smaller than about 20 Å will be less than that for bulk metal. The calculations for demetalation are handled similarly. The appropriate elementary processes are now and Here too, experimental values have been used to determine the heat of reaction for the second elementary process in each case, and both the metal and the metal oxide are assumed to have bulk properties.
Results and Discussion
The change in energy (∆E) and the Gibbs free energy (∆G°5 00K ) evaluated at 500 K for reduction of an [M(OH)] + cation situated at an I5 site are listed in Table 2 .
Reduction of the cation to zerovalent metal is favorable in all cases. The stability to H 2 reduction decreases in the order Comparison of the data in Tables 2 and 3 However, when we consider the free energy of reaction that would transfer the Pd 2+ or Rh 2+ from the I5 to the S6 cluster, a different picture emerges. We estimate the translational and rotational entropy for water at 500 K to be 55.7 cal mol -1 K -1 . Combining this entropy and the ∆(PV) work term, we estimate the free energy to be ∆G 500K ) -26.3 kcal/mol for Pd 2+ and ∆G 500K ) -23.6 kcal/mol for Rh 2+ . Thus, from a free-energy standpoint metal cations uniformly prefer coordination to the S5 or S6 zeolitic ring clusters with two Al T sites over a single exchange site by a minimum of 26 kcal/mol at 500 K.
Comparison of the trends in cation reducibility reported above with experimental observations is difficult to do because the methods of cation exchange, sample pretreatment, and conditions of H 2 reduction differ from one group to another and no two groups use the same protocol. For these reasons, we have chosen to use as a criterion of reducibility the maximum temperature required to achieve complete reduction of divalent metal cations to the zerovalent metallic state during temperature-programmed reduction. This criterion is valid because temperature-programmed reactions in microporous systems occur under quasiequilibrium conditions (see, for example, ref 47). On the basis of the maximum reduction temperature, the following sequence is obtained for the increasing ease of reduction: Zn 2+ (>1173 K) 24,48 < Co 2+ (993 K) 10 < Fe 2+ (890 K) 49 < Ni 2+ (573 K) 50 < Cu 2+ (548 K) 21,22 < Pd 2+ (453 K). 51 This trend is identical to that reported here for M 2+ cations associated with I5 sites. This can be understood from a consideration of the distribution of M 2+ cations for situations in which the M/Al ratio lies between 0.5 and 1.0, which is the case for all of the experimental situations examined. From stochastic and Monte Carlo simulations of ZSM-5 at a Si/Al ratio of 15, 52,53 the maximum value of M/Al for cations accommodated in five-and six-membered rings will be between 0.183 and 0.241, depending on whether Al in the zeolite framework is distributed thermodynamically or entirely randomly. For M/Al values larger than these limits, M 2+ cations can be exchanged only as Z -[M(OH)] + . Thus, if the overall value of M/Al is close to unity, the majority of the M 2+ cations will be associated with individual charge-exchange sites and not pairs of such sites. As a consequence, it is not surprising that the trend in ease of reduction is reflective of M 2+ cations associated with isolated charge-exchange sites. Figure 3 shows the structure of Z I5 -[M(OH)] + , and selected bond distances are presented in Table 4 . Figure 4a illustrates 
the structure for Co 2+ , Cu 2+ , Fe 2+ , and Ni 2+ situated in S5 rings, and Figure 4b illustrates the structures for Pd 2+ , Pt 2+ , and Zn 2+ situated in S6 rings. Which ring type is favored depends on the length of the M-O bonds (see Table 5 ). preferred. How favorably a metal cation coordinates to a ring is also reflected by the sum of the four smallest angles formed by the metal cation and the four binding O atoms, ∑(∠OMO) i , listed in Table 5 . The closer this sum is to 360°, the closer the metal is to a planar orientation and the better the overlap of orbitals between the metal and the four O atoms associated with the two Al atoms in the ring. If the ring is too small to accommodate the metal, as is the case for the Z4 ring, the metal cation cannot lie in the plane of the four O atoms and ∑(∠OMO) i is significantly less than 360°. For a given ring size, visualization of the orbitals reveals that superior orbital overlap is achieved for rings in the straight channels rather than for rings in the zigzag channels. Table 5 shows that all of the M 2+ cations considered bind with a 4-fold coordination to the O atoms in the ring. In the S5 ring, the M-O bond distances range from 1.84 to 2.06 Å, and in the S6 ring they range from 2.01 to 2.08 Å. Comparison with experimentally reported values is difficult because determination of M-O bond distances from EXAFS data is done for samples containing M 2+ cations in several environments. As a result, the reported M-O bond distances represent an average. Nevertheless, the agreement between calculated and observed bond distances is encouraging. Thus, for Cu-ZSM-5, Cu-O distances of 1.94 32 and 2.00 Å 54 have been reported, whereas the average calculated bond distance is 1.97 Å. In the case of Pd-ZSM-5, the reported Pd-O distance is 2.01 Å 18 and that calculated is 2.05 Å. For Zn-ZSM-5, the observed Zn-O bond distance is 2.09 Å, whereas the calculated distance is 2.01 Å. 24 Our structural predictions are similar to those reported in DFT studies of both Cu-ZSM-5 and Pd-ZSM-5. LSDA geometric structures indicate Cu-O OH distances of 1.76 and 1.75 Å for 1 and 5 T site models, 55 respectively. This is in close agreement with our predicted Cu-O OH distance of 1.77 Å.
Values of ∆E and ∆G°(500 K) for the demetalation of [M(OH)] + situated at an I5 site are listed in Table 6 . From Table  6 , it is evident that demetalation of Z I5
-[M(OH)] + is favorable in all instances. The stability of the metal cations to demetalation decreases in the order Co
Values of ∆E for demetalation of M 2+ from rings containing two Al atoms are presented in Table 7 . As in the case of reduction, Co 2+ , Cu 2+ , Fe 2+ , and Ni 2+ are most stable to demetalation when located in S5 rings, whereas Pd 2+ , Pt 2+ , Rh 2+ , Ru 2+ , and Zn 2+ are most stable to demetalation when located in S6 rings. It is noted, though, that for Rh 2+ , Ru 2+ , and Zn 2+ the stability of these cations is essentially the same in the S5 and S6 sites. The order of decreasing stability to demetalation from the site at which the M 2+ is bound most favorably is Co > Zn > Cu > Fe ≈ Ni > Pd > Pt > Rh > Ru, which with the exception of Fe 2+ and Rh 2+ is the same trend seen for [M(OH)] 2+ associated with the I5 site.
The literature on the effects of O 2 and H 2 O on the stability of M 2+ cations in ZSM-5 is not sufficiently developed to enable one to identify the relative stability for a sequence of metal cations. It is clear, though, that Zn and Co are much more resistant to demetalation than Pd and that Cu has an intermediate level of stability. 6, [56] [57] [58] The sequence of stability to demetalation reported here is in qualitative agreement with these observations. It has been proposed that metal cations can form µ-bridged metal-oxo dimers, [M-O-M] 2+ . 21, 22, [24] [25] [26] [27] [28] 37, [30] [31] [32] [33] 36 To assess the stability of such dimers, calculations were performed for the following reaction (see Figure 5 ): 
here, evidence from EXAFS has been found for the 2+ , and Pd 2+ . However, the free-energy change for this process is favorable for Cu 2+ and Pd 2+ in I9 and S6 sites and for Ni 2+ in S6 sites. Finally, it must be recognized that the relative stability of metal cations having comparable stability could be affected by a change in the basis set used for the calculations.
